This paper studies the kinematic and dynamic analysis of a novel unpowered exoskeleton with topology. Firstly, the kinematics of the unpowered exoskeleton is analyzed by the derivation of the closed-loop position equation, and the forward position problems of the exoskeleton are obtained. Secondly, with the aim of doing some research in the dynamics, two of links for the exoskeleton are changed into flexible links. Some shapes concerning some parameters are acquired by simulation with fitting curve method. Thirdly, meanwhile, the dynamic model is built by using Lagrange method. Fourthly, the gait experiment is acquired with the aim of obtaining the law of the human joints. Fifthly, the dynamic model is verified by Adams software and the theoretical calculation. Meanwhile, an optimization is completed in the Adams software. The most reasonable spring stiffness is acquired. Finally, some conclusions are enumerated to show the properties of the mechanisms.
Introduction
Exoskeletons have been applied in various industrial fields these years. It was reported that the logistics in China is the largest all over the world. Meanwhile, load-carrying population leads to a serious problem; by the end of 2050, more than 140 million old people aged 60 or more will have great difficulty carrying loads, which is a huge increase in recent years [1] . In addition, considering various situations, such as the power the worker owns, working circumstance, and the limited tools [2] , the number of working individuals with unpowered lower extremity limb is increasing year by year, which enormously reduces the burden of the workers. Considering the situation above, it was of significance for us to design an effective load-carrying tool, with the aim of helping workers not only get a certain degree of carrying, but also fully use the energy from the carriers. Currently, related papers showed that the existing lower limb load-carrying robot has mainly two forms, powered and unpowered lower extremity exoskeleton. Research in powered human exoskeleton starts from the late 1960s and numerous achievements have occurred in recent decades. The Berkeley Lower Extremity Exoskeleton(BLEEX) was a powered exoskeleton, which can significantly enhance the ability of workers. BLEEX [3] with three DOFs was a novel structure, which applied to the commercial product which can assist person to walk [4] . The exoskeleton such as HAL (hybrid assistive limb) was presented in the University of Tsukuba. Its detailed structure is described in [5] . The RoboKnee which had one degree was proposed by Florida Institute for Human & Machine Cognition and Robotics; the innovation point is that torque was applied across the knee to alleviate the user's quadriceps muscles. The RoboKnee made the wearer climb stairs and accomplish deep knee bends while carrying load on their back. IMAE (IHMC Mobility Assist Exoskeleton) was designed in Florida Institute for Human & Machine Cognition; as for this exoskeleton, four links were undriven [6] . Researchers in Japan have designed an exoskeleton to help nurses transfer patients. With the aim of enhancing loadcarrying ability, the SJTU-EX is developed in Shanghai Jiao Tong University. In recent years, reducing the energy cost of walking with an unpowered device is a hot issue in the field of exoskeleton. It can lower the energy consumption and enhance the load-carrying ability of persons. Steven H. [7] designed an unpowered exoskeleton. Based on experiments, some conclusions were carried out. In 2016, Donghai et al. [8] presented the design and analysis of a passive body weight (BW)-support lower extremity exoskeleton (LEE) with compliant joints to relieve compressive load in the knee. The new design fully uses the energy of human muscle storage. Recently, the design, kinematic, and dynamic problems including position analysis, singularity analysis workspace, and force analysis of the exoskeleton have been studied by Cuan-Urquizo [9] . Article [10] presented a novel exoskeleton and analysis of the workspace of the swing leg. Meanwhile, the most reasonable spring stiffness was gotten by genetic algorithm. Compared with [10] , the main contribution of this paper is to validate the forward dynamic equation of the mechanism by Adams software and theoretical deduction. At the same time, the consistency of human-machine coordination is verified by human joint experiments. Meanwhile, the influence factors of energy-storing device and the change of spring with time are analyzed. Besides these exoskeletons mentioned above, some other exoskeletons and parallel architectures can be found in the literature [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] .
In this paper, a novel unpowered exoskeleton is described. This paper is designed as follows. Firstly, the structure characteristics and kinematics of this exoskeleton are analyzed by using closed vector method in Sections 2 and 3, respectively. The dynamic performance of the mechanism for the exoskeleton is obtained based on the software of Adams in Section 4. In Section 5, using computer code programming and Adams software, the dynamic model is verified. Meanwhile, the deformation of the spring is analyzed. Lastly, Section 6 summarizes the full paper.
The Description and Model of the Structure
Human lower extremity limb consists of three parts: hip joints, knee joints, and ankle joints. Hips are ball-and-socket joints that can realize movements of flexion and extension, abduction and adduction, internal rotation, and external rotation. Knee joints have flexion, extension, internal rotation, and external rotation. Ankle joints also have three kinds of movements. The novel unpowered lower extremity limb exoskeleton (NNLELE) for this research is designed to make full use of the kinetic energy for a person who is walking. The eccentric task of the NNLELE is to help the carriers to prolong the working time and lower the consumption of the energy. It is well known for us that the main motion plane is sagittal plane. Therefore, the motion of the sagittal planes is taken completely into consideration due to cost, as this motion is easy to implement by NNLELE. To reduce costs, a modularized design was adopted for the NNLELE, as shown in Figure 1 . The two legs of the robot consist of four kinematic branches: two rear support chains with two energy-storing devices, and two front anthropomorphic lower limbs which are designed by the stand motion of individuals. The detailed internal structure of energy-storing device for NNLELE is depicted in Figure 2 . It comprises 12 parts; each part is illustrated in the figure. As depicted above, it is well known for us that the two legs both have the same kinematic characteristics. Therefore, we can take one leg as the study object to establish a kinematic model of the swing leg using closed vector circle method. The one side swing leg can be simplified to a closed four-degree mechanism with two planar linkages, as shown in Figure 3 . Here, the workspace of NNLELE is restricted in the sagittal plane. The kinematic analysis of mechanism is an analysis of Figure 3 . It is important to note that is the angle between the vector A 6 A 3 and the vertical direction and 1 is that between the vector A 6 A 5 and the vertical direction. The kinematics equation can be expressed by closed vector method.
Forward Position Analysis of the Mechanism
(1)
The formulas can be rewritten as follows.
However, it is significantly important for us to note that, according to Figure 3 , the L 5 is a constant, so the constrain condition can be depicted as follows.
From (2) to (8), the coordinates of the angle and knee can be ensured.
Here,
The pose of the knee is depicted as below
so the coordinates of the angle in the sagittal plane can be described as follows.
According to formulas (2), (3), (4), (5), (6), (7), (8), (9), (11), (12), (13) , and (14), representing the designed ULLPE in the paper, the forward position analyses of the mechanism can be carried out straightly by analytical method; the location of the joints for the knee and ankle, which is extraordinarily fundamental for doing some research in workspace, can be acquired.
Here (x 1 , y 1 ) indicates the coordinate of the ankle joint and (x, y) is the coordinate of the knee joint.
Kinematic Simulation, Angles Parameters Analyses
Here, with the condition of the formulas, the properties of some parameters are investigated. Some parameters are set as below:
∘ . However, in order to do some research in the new unpowered exoskeleton, the CAD model of the exoskeleton is imported in the Adams, the model of the novel exoskeleton can be shown in Figure 4 and the simulation of work is proposed as set in the following.
Here, the angles such as 2 , 3 , and 4 stand for the rotating angles of waist, knee, and ankle. For better and clear understanding, we here use knee and ankle to represent the rotating angles.
With the help of the software Adams, the data concerning the values of the spring deformation for the CS and the angles is exported and dealt with by MATLAB with the fitting curve method. By simulation, Figures 5, 6 , and 7, illustrate the relation among the spring deformation and every angle along with the change of time. Here, as we all known, the max and min values can be seen in Figure 4 .
The Dynamic Analysis of the Swing Leg on the Exoskeleton
The accurate establishment of the dynamic model for the novel unpowered lower extremity exoskeleton is the precondition to realize the precise dynamic analysis. The forward kinematics for the unpowered exoskeleton has already been analyzed by closed vector method. Firstly, the period of motion of the lower limb is divided into two stages: oneleg support and two-leg support. The dynamic model of swing leg for the load-carrying robot system is established by Lagrange method. Secondly, through the real-time motion capture of human lower limb movement and the data analysis of its motion trajectory (including hip, knee, and ankle), the motion law of human joints during normal walking is obtained with fitting method. Thirdly, putting the motion law into the dynamic equations, the driving torque including is obtained. Fourthly, the 3D simplified model of robot is established by SolidWorks and the dynamic simulation is carried out by importing Adams software. The accuracy of theoretical derivation is verified. The theoretical basis is provided for further research of the unpowered lower extremity exoskeleton and some conclusions are drawn.
The Accurate Establishment of the Dynamic Model on
Exoskeleton. As demonstrated in Figure 2 , the structure of the swing leg can be seen clearly. In this part, in order to clearly express the dynamic formula, the is instead of 5 and the is the 6. The mass center (x mi ,y mi ) of each link can be easily gotten, and the detailed description can be listed as follows. 
The elastic potential energy consists of two parts, one is from the gravity potential energy, and the other is from the energystoring device. Firstly, the energy-storing device potential energy can be expressed as follows.
Here, U 1 is the potential energy of the energy-storing device. h is the compressing length resulting from the force. x 5 , x 6, y 5, y 6 stand for the coordinates of the points A 5, A6; x is the compressed length of spring.
Journal of Robotics 7
Thus, according to the Lagrange method, the formula can be listed as follows.
Here, E p1 stands for the overall gravity potential energy from each link, and E k1 is the kinematic energy of swing leg. The overall potential energy can be described as follows.
Here, U 2 is the overall gravity potential energy, is the gravity acceleration velocity, m i is the mass of each link for the swing leg, and I i is the moment of inertia of each link.
Therefore, on the basis of the above deduction related to the dynamic model of the swing leg, the driving torque can be expressed as below.
The Workspace of Deformation x on Spring.
In order to do some research in the dynamics and the deformation of the spring, some parameters can be set as follows: here, the angles are set to -40
∘ . According to (16) , the workspace of the x is analyzed. The relationship among the parameters is depicted in Figure 8 .
From Figure 8 , the relationship can be obtained and the arrangement can be gotten.
Human Gait Data Acquisition and Dynamic Simulation.
For the lower extremity exoskeleton robot, the movement gait according to the physiological habits of the human body and the realization of the assist function under the action of the control system are important issues for studying the lower extremity exoskeleton robot. The movement gait of the human body has the characteristics of periodicity, repeatability, and symmetry. Therefore, it is only necessary to obtain the motion data of the human body during one cycle of normal walking to obtain the motion law of the human body during the whole movement.
Human Gait Data Acquisition.
The laboratory is equipped with a three-dimensional motion capture and analysis system. It mainly consists of FASTCAM SA-X29 (depicted in Figure 9 ) which is produced by the company of Photron. Using Photron's FASTCAM SA-X2 camera to capture the person's walking process, we can easily obtain the data of the joint of hip, knee, and ankle. It accurately captures subtle changes in the human lower limb movement and restores each true change of each picture. As described in Figures 9 and 10 , the walker wears clothes with special colors attached. The special color parts are the sole, the bottom of the calf, the top of the calf, the bottom of the thigh, the top of the thigh, and the waist.
The specific process of human gait information collection is shown in Figure 10 . The experimenter wears the test suit and pastes the identification points on the left and right ankles, the left and right knee joints, the left and right hip joints, and other important features. The high-speed camera is used to capture the identification of the experimenter. Selecting the indoor 10 m straight line distance as the data acquisition distance, the experimenter walks about 1.5 m/s and sets the sampling period to 0.02 s. Before each collection, the experimenter stands upright and calibrates the origin of 12 high-speed cameras in the lab to reduce experimental errors due to human factors.
The Motion Law Acquisition of Human's Movement.
The experimenter repeats the motion according to the predetermined linear trajectory. The high-speed cameras record the pictures of the recognition point in real time and stores it in the computer. The position coordinates of the Cartesian space are transformed into discrete joint angle changes by the cosine function. The data is imported into MATLAB with the aim of curve fitting.
Here, a i, b i are the coefficients of the i-th order trigonometric function; w is the angular frequency.
The 3D motion capture and analysis system and acquisition process are shown in Figure 10 . The cosine theorem data is restored to the joint angle value, and the curve fitting is performed to obtain the angle change law.
As depicted in Figures 11(a) , 11(b), and 11(c), according to (21) , the motion law of swing leg including hip, knee, and ankle joints of walker is obtained.
Calculation and Contraction on the Driving Torque for the Exoskeleton.
Putting the body's joint law into the formulas (15)- (20), the driving torque (expressed by 1∼ 4) can be gotten. Meanwhile, the driving torque changes with the changes of time as shown in Figures 12(a), 12(b) , 12(c), and 12(d). At the same time, the body's joint law was imported into the Adams, and the driving torque which is expressed by M1∼ M4 can be gotten. The data from the Adams is imported and the law is drawn, which is depicted in Figures 12(a), 12(b) , 12(c), and 12(d) concerning the relationship between the driving torque and the time. The contraction is verifying the rightness of the forward dynamic model. The parameters can be defined as follows; for other parameters, refer to Section 4. 
According to Figure 12 , we can see the change law of each driving torque (from the theoretical analysis and the Adams model) exerted on the waist, hip, knee, and the ankle joints. The range of driving torque for the waist joint, the hip, the knee, and the ankle has some errors. The comparison found that there is an error between the theoretical calculation and the Adams software simulation results, but the difference is not big, and the trend is basically the same. The main reason for the difference between theoretical analysis and simulation results is that in the calculation of dynamic theory, the robot is regarded as the model under ideal state, ignoring the influence of ground friction and assembly error, when performing virtual prototype simulation. There are also some errors in the stiffness and friction settings and the spline interpolation function fitted by the experimental motion data, which results in a difference between the theoretical calculation and the simulation results.
The Relationship between Spring Force and the Compressed
Spring Length. The spring force can be written as follows.
= *
Here, F stands for the spring force and x is the compressed spring length. On the basis of establishing the dynamics and gait experiment concerning the swinging leg, the relationship between the spring force and the compressed spring length of the energy storage element can be expressed according to formula (23) , so the variation law of the force-dependent variable and time is as shown in the Figure 13 . As shown in Figure 13 , we can clearly see the relationship among spring force, spring compression, and time.
Simulation Conditions, Parameter Settings, and Optimization Results.
Here, while optimizing the spring stiffness, it is needed to follow some constraining conditions:
(1) The motion properties with regard to the unpowered exoskeleton should be set rightly such as the various motion pairs and forces defined in the software of Adams.
(2) The model in the Adams should be simulated normally and the dynamic analysis makes the overall structure effective.
Because the optimization is fully completed in Adams software, the objective function and the design variable are shown in Figure 4 , as well as the force cloud diagram of the flexible rod.
During a gait cycle, the torque/force exerted on the flexible link l 4 can be seen clearly. The middle and the end of link l 4 bear a big force. In order to enhance the performance of the exoskeleton, it is necessary to optimize the spring. By simulation, the reasonable spring stiffness is 5.7995.
Conclusions
In this paper, a novel unpowered exoskeleton is proposed. From the analysis mentioned above, some conclusions can be draw as follows. Firstly, the structure of the exoskeleton is described. Secondly, the forward position analysis is derived by closed vector method. Thirdly, during a gait cycle, the relation among angle parameters is gotten as shown in Figures 5-7 . Fourthly, in order to explore some dynamic properties of the exoskeleton, two links of the exoskeleton are changed into flexible links. Meanwhile, some data is exported and dealt with using fitting curve method in the MATLAB software. Meanwhile, the dynamic model is built by using Lagrange method. Fifthly, the gait experiment is gotten with aim of obtaining the law of the human joints and the workspace of the deformation on the spring is analyzed. Finally, the dynamic model is verified by Adams software and the theoretical calculation. An optimization is completed in the Adams software. The most reasonable spring stiffness is acquired. Based on the kinematics analysis of the mechanism, dynamic optimization analysis, the related investigation of the mechanism will be explored in future work. 
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